Although DNA is often bent in vivo, it is unclear how DNA-bending forces modulate DNAprotein binding affinity. Here, we report how a range of DNA-bending forces modulates the binding of the Integration Host Factor (IHF) protein to various DNAs. Using solution fluorimetry and electrophoretic mobility shift assays, we measured the affinity of IHF for DNAs with different bending forces and sequence mutations. Bending force was adjusted by varying the fraction of double-stranded DNA in a circular substrate, or by changing the overall size of the circle (1). DNA constructs contained a pair of Förster Resonance Energy Transfer dyes that served as probes for affinity assays, and read out bending forces measured by optical force sensors (2). Small bending forces significantly increased binding affinity; this effect saturated beyond ~3 pN. Surprisingly, when DNA sequences that bound IHF only weakly were mechanically bent by circularization, they bound IHF more tightly than the linear "high-affinity" binding sequence. These findings demonstrate that small bending forces can greatly augment binding at sites that deviate from a protein's consensus binding sequence. Since cellular DNA is subject to mechanical deformation and condensation, affinities of architectural proteins determined in vitro using short linear DNAs may not reflect in vivo affinities.
Introduction
into a high affinity binding site, which bound IHF more tightly than the "high-affinity" consensus binding site for IHF. These findings have implications for the identification of relevant protein binding sites in genomes (30) , could clarify how regulatory signals are integrated at transcription initiation sites (3) , and may enable controlled mechanical tuning of the affinity of protein-DNA interactions.
Results and Discussion
Investigating the relationship among DNA bending force, DNA sequence, and protein-DNA affinity required synthesis of DNA constructs with varying internal bending forces (hereafter referred to as internal force). To that end, unstressed linear and stressed circular DNAs were prepared (Fig. 1) . Circular substrates were made by ligating ssDNA and then annealing complementary DNAs (Fig. 1C) . The internal force in a loop was controlled by either changing the fraction of the loop that was double-stranded or by changing the loop length. Since dsDNA is significantly stiffer than ssDNA (the persistence length of dsDNA is ~50 nm but the persistence length of ssDNA is ~1 nm) (31, 32) , changing the ratio of dsDNA:ssDNA modulates the internal force.
Since the mechanics of small DNA circles are incompletely understood (although this is improving rapidly (1, (33) (34) (35) ) it is not possible to accurately predict their internal forces. Hence, we measured them experimentally by integrating force-sensors that report force via optical changes. The force sensor consists of an entropic spring (a piece of ssDNA) with a pair of FRET dyes, such that the extension of the spring (and thus the force acting on the spring) can be tracked via FRET (2) . At low forces, the entropic elasticity of the ssDNA brings the donor and acceptor dyes close together, resulting in high FRET efficiency. At high forces, the ssDNA is stretched, and FRET efficiency decreases.
The FRET vs. force curve of our force sensor could not be calculated due to the complicated effects of potential basepairing on its extensibility. Hence, we experimentally calibrated the sensor using single-molecule techniques (2) . Known forces were applied to a variety of ssDNA springs with magnetic tweezers and the FRET efficiency was simultaneously monitored using single-molecule total internal reflection fluorescence. Using these optical force sensors, we previously showed that 101mer loops have internal forces around 1-3 pN, whereas shorter 57mer loops have internal forces between ~5-≥12 pN at low ionic strengths (1) . In the present study, we use a force sensor with Cy3 and Cy5 dyes separated by ten single-stranded bases, which reports forces up to 20 pN (previously designated as FS10 (2)).
We used two complementary methods to determine the binding affinity of IHF to DNA substrates with varying internal forces. The first approach was a solution FRET assay that takes advantage of the FRET dyes that are part of the optical force sensor. Solution FRET has previously been used to examine the binding of IHF to linear substrates (26, (36) (37) (38) . Here, we extend the technique to prebent circular DNA substrates. This assay yields true equilibrium measurements that do not suffer from dissociation that might occur during electrophoresis. Electrophoretic mobility shift assays, however, have the advantage of being able to detect binding stoichiometry and non-specific binding (39, 40) ; EMSA has been previously used with IHF (41) (42) (43) . Since IHF can recognize DNA in both specific and non-specific modes (17, 42) , EMSA was essential to confirm that we were probing specific interactions and complexes, as determined by their characteristic gel shift mobility. EMSA also permitted clean comparisons of linear and circular constructs whose sole difference is the internal force associated with their geometry. Both solution FRET and EMSA were performed in high salt buffers (220mM NaCl, pH 7.4) to minimize non-specific binding of IHF to DNA (44) .
IHF binds circular constructs with more than ten-fold higher affinity than linear constructs
Circles produced by ligating ssDNAs were purified by gel electrophoresis. Ligation products were resistant to digestion by exonuclease 1, confirming their circular geometry. Annealing complementary DNA yielded a double-stranded region containing the wellcharacterized, high affinity λ H' binding site for IHF (11) . The nomenclature of the constructs is as follows: the first number denotes the overall length of the DNA in nucleotides, "L" denotes linear, "C" denotes circular, and the second number denotes the length of the double-stranded region. Thus, the 57C35 substrate consists of a circular 57 nucleotide (nt) ssDNA to which a 35 nt complement has been annealed.
We first compared IHF binding to linear (43L41 - Fig. 1A or 57L35 - Fig. 1B ) and circular (57C35 - Fig. 1C ) DNA constructs with solution FRET (Fig. 2) and EMSA (Fig. 3) . Solution FRET assays (Fig. 2) were performed by titrating concentrated IHF into a solution of dually-labeled DNA. For both linear (Fig. 1A) and circular (Fig. 1C) DNA constructs, the dramatic bend induced by IHF brings the donor and acceptor dyes together resulting in greater FRET as evidenced by reduced Cy3 emission (567 nm peak) and increased Cy5 emission (670 nm peak) (Fig. 2A&B ).
Taking advantage of the different degrees of FRET between the free and bound state, we used a FRET ratio to indicate the fraction of bound DNA. The FRET ratio is the ratio of acceptor emission resulting from FRET (Cy3 excitation - Fig 2A&B) , to acceptor emission when directly excited (Cy5 excitation - Fig. 2A&B Inset) (see also Methods). This measure accounts for dye bleaching and DNA dilution as the titration progresses.
Fitting the fraction bound (obtained by measuring the FRET ratio) to a one-site saturation binding model yields the dissociation constant (K D ) (see Methods). For the unstressed 43L41 substrate, the K D was 9.3 ± 0.2 nM (Table 1) , on the same order as to the previously reported K D of 1.9 nM for a fully double-stranded 30mer containing the H' binding site (41) . The slightly weaker binding affinity we observe is consistent with the higher, more stringent salt concentrations used in these experiments (220mM NaCl here versus 60 mM KCl in (41) ). Control titrations of equivalent volumes of buffer showed no increase in FRET (Fig. 2C&D open  circles) .
When the DNA was strained by circularization (57C35, Fig. 1C ), significantly less IHF was required to reach saturation binding (note the different scale on the x-axis in Fig. 2D vs. Fig.  2C ). The dissociation constant for 57C35 decreased to 0.49 ± 0.01 nM. Hence, circularizing the DNA substrate increased IHF affinity almost 20-fold (Table 1) . For comparison, a five-fold increase in affinity was observed for binding to 163 bp fully double-stranded mini-circles versus linear DNAs (14) .
Similar results were obtained with an orthogonal method of measuring binding affinitythe electrophoretic mobility shift assay (EMSA). Figure 3 shows representative gels for linear, 57L35 (Fig. 3A) , and strained circular 57C35 (Fig. 3B) constructs. For each gel, a constant concentration of IHF is titrated with increasing amounts of dye-labeled DNA. For both linear and circular constructs, DNA bound by IHF has a retarded mobility relative to free DNA.
We observed an increased affinity for the strained circular 57C35 (0.2 ± 0.1 nM) when compared to unstressed linear 57L35 (6.8 ± 2.3 nM). The similarity in dissociation constants obtained by solution FRET and EMSA methods is encouraging, especially given the different titration schemes (titrating DNA vs. titrating IHF) used in the different assays.
Comparison between the assays also serves as a control to check for binding to the ssDNA region between the FRET pair. The similarity in measured binding affinity for the 43L41 construct (solution FRET) and the 57L35 (EMSA) suggest that the single-stranded tail present with 57L35 does not noticeably affect IHF binding under these conditions. This was further confirmed with saturation binding assays on a completely single-stranded linear substrate, which revealed no evidence of IHF binding to the ssDNA region common to the 57mer constructs (Fig.  S1 ). Finally, there was also no evidence for non-specific binding, dissociation during electrophoresis, and bound complexes other than the expected 1:1 IHF:DNA stoichiometry. These observations are important for a straightforward interpretation of the solution FRET assays.
The EMSA assays used linear constructs that were as similar as possible to the circular constructs. The 57L35 construct (Fig. 1B) is exactly the same as the 57C35 (Fig. 1C) construct except for the single phosphodiester bond that distinguishes their geometry. We did not use the 57L35 construct for solution FRET studies, since both dyes are on the same side of the IHF binding site (Fig. 1B) ; IHF binding and bending does not bring the dyes closer together with a resulting FRET change.
For the EMSA assays (but not the solution FRET studies), we note that the concentrations of IHF and DNA tend towards the "stoichiometric regime." Our experimental conditions were chosen to ensure sufficient fluorescent signal for visualization. Binding affinities can still be measured under these conditions provided that ligand depletion is taken into account (45) -the equilibrium is simply shifted. Importantly, we obtained similar absolute dissociation constants as well as identical trends between DNA constructs with the solution FRET and EMSA assays (Table 1) .
Complement lengths resulting in internal forces >3 pN do not significantly affect IHF binding affinity
Having confirmed that IHF binds circularized DNA more tightly than linear DNA, we set out to determine if the affinity could be controlled by modifying the internal force of the DNA substrate. To vary the internal force, we adjusted the amount of double-stranded DNA in a given loop and the total loop length. We first investigated three additional ds:ssDNA ratios by annealing complements of 30, 39, and 43 nts to the 57mer loop. The minimum complement length, 30 nt, is determined by the footprint of IHF (46) , and the maximum complement length of 43 nt is limited by the force sensor region, which must remain single-stranded to utilize the previous force calibrations (2) . Annealing these selected complements yields constructs with internal forces of ~5-≥12 pN at low ionic strength (1) .
Dissociation constants for 57C30, 57C39 and 57C43 were obtained by solution FRET titrations and EMSA ( Fig. 2D and Table 1 ). EMSA was also performed for the equivalent linear constructs (57L30, 57L39 and 57L43). IHF affinity for DNA increased by at least an order of magnitude upon circularization, from 5-13 nM to 0.2-0.9 nM (ranges include both solution FRET and EMSA values, Table 1 ). Thus, across all complement lengths, IHF binds small strained circles with greater affinity than linear DNAs of identical sequence.
We also investigated IHF binding affinity to less strained 101mer loops with EMSA. 101C87 showed a roughly 10-fold increase in affinity (K D = 5.1 ± 1.7 nM for linear, and 0.5 ± 0.2 nM for circular), similar to the increase seen with the 57mer (Table 1) . However, the 101C77 construct exhibited only a 1.5-fold increase in affinity, the smallest difference seen (K D = 1.5 ± 0.3 nM for linear to 0.9 ± 0.2 nM for circular). Affinity changes with smaller complements could not be measured because the electrophoretic mobility shifts were too small to be able to make reliable binding affinity measurements (Fig. S3 ). Likewise FRET changes upon binding of IHF were too small to obtain reliable affinity measurements.
There was no clear effect on binding affinity when either the dsDNA:ssDNA ratio or loop length was varied ( Fig. 2D and Table 1 ). For the unstressed linear constructs, this agrees with a previous study which found similar affinities for linear 30 bp and 179 bp duplexes (41) . The lack of a clear trend for the circularized constructs was surprising since circularized constructs with different complement lengths and loop sizes would be expected to have different internal forces and curvatures. To understand the null result, the lack of a clear affinity trend, we used the integrated optical force sensors to measure the forces internal to the loops.
FRET from the optical force sensors provides an estimate of the internal force in a circular DNA substrate prior to IHF binding. Different dsDNA:ssDNA ratios yield different FRET efficiencies (Fig. S2 , (1)). These efficiencies are true FRET efficiencies (as opposed to the FRET ratio used in the solution FRET assays), where the degree of dye labeling and the polarization, extinction coefficients, and quantum yields of the dyes have been taken into account (1, 47) .
To estimate internal force, we converted FRET efficiency to force via a previously determined calibration curve (2) . A caveat in interpreting FRET efficiencies in terms of forces is a difference in buffer conditions: EMSA was performed in a high salt buffer to ensure that we were observing IHF binding in its specific binding mode whereas the sensor calibration experiments were done in a comparatively low salt buffer (2) . Both dsDNA (48, 49) and ssDNA (32) exhibit a decreased persistence length under high salt conditions, because increased shielding of the phosphate backbone charges at higher ionic strength permits sharper bending. A decreased high-salt persistence length for both dsDNA and ssDNA will result in the dyes being closer together on average and result in a higher measured FRET value. To identify the forces in high salt buffer with greatest accuracy, a complete single molecule recalibration of the force sensor in high salt buffer would be required. Instead, we estimate the forces by using the FRET values measured in low salt buffer and the original force sensor calibration curve. Metropolis Monte Carlo simulations revealed negligible force changes to within the precision of the simulations (± ~1pN) when accounting for the expected persistence length changes of double and single-stranded DNA due to the different salt conditions (see Supplementary Materials and Table  S1 ).
Using the previously measured calibration curve, we converted the relationship between affinity (from EMSA measurements) and FRET efficiency (Fig. 4A ) to affinity versus internal force (Fig. 4B) . Linear constructs are not plotted in Fig. 4A since their FRET efficiencies do not relate to internal force. Circularizing the constructs, yielding ~2-3 pN internal forces (101mers), was sufficient to increase the affinity1.5-fold. Internal forces greater than ~3 pN (observed in the 57mer constructs) resulted in greater increases in affinity (~10-fold). Further increases in internal force (beyond 3pN) exhibited no significant effect (Fig. 4B) . Note that the FRET efficiency measured for 57C30 maps to a force above the maximum force explored in the empirical calibration (2) .
The significant increases in affinity observed upon circularization are consistent with the notion that internal force bends the DNA and therefore reduces the free energy of bending that must be expended by IHF. The relative insensitivity of IHF binding to forces greater than a few pN was unexpected. However, without high-resolution structural data of the final bound states of the various constructs, it is not particularity worthwhile to speculate about the mechanochemical basis for the effect's saturation at ~3-5 pN. It is possible that besides modulating the internal force within the loop, changing the complement length may affect substrate geometry in ways that could perturb IHF binding affinity. Since IHF is a minor-groove binding protein, the accessibility of the minor groove in the different constructs is an important consideration. Indeed, the correspondence between the direction of the bend induced by internal force and the final protein-DNA structure is important (15, 16) . The relative position of where the ssDNA enters and leaves the dsDNA helix, which is related to the helical repeat of DNA, will affect the torsional strain of the construct. Since the loops are not rotationally constrained, relaxing to the construct's lowest torsional energy configuration will affect both the accessibility of the minor groove and the direction of pre-bend in a complement length dependent manner.
Affinity reductions due to mutations can be rescued by internal force
Last, we explored the sensitivity of internal force induced changes to affinity to another parameter: DNA sequence mutations. We studied two mutant sites (57M1 and 57M2), with significantly reduced binding affinities for IHF (41) . Both mutants replace an AT basepair in the IHF consensus binding patches with a GC basepair. By modeling the IHF crystal structure complex (PDB ID 1IHF), the 57M1 mutant was predicted to disrupt the hydrogen bonding of an arginine inserted into the minor groove. Similarly, the 57M2 mutant was predicted to disrupt a proline intercalation site. Mutant circular constructs were variants on the 57C35 construct.
A comparison of solution FRET binding curves for unstressed wildtype (43L41), versus mutant M1 (43M1L41) constructs demonstrates the significantly reduced binding affinity of IHF to the M1 linear mutant (Fig. 5A ) (43M1L41: 156 ± 6 nM, 43L41: 9.3 ± 0.2 nM). Our measured dissociation constant for the M1 linear construct is slightly higher than the previously reported value of 81 nM (41) (again consistent with the higher salt conditions used in this assay). In contrast, the solution FRET binding curves for the wildtype 57C35 circles and the mutant M1 circles (57M1C35) are similar (Fig. 5B) reflecting their similar dissociation constants (57M1C35: 0.89 ± 0.06 nM, 57C35: 0.49 ± 0.01 nM, Table 2 ). Internal force thus results in almost a 200-fold increase in affinity.
This demonstration of mechanical rescue of IHF binding affinity to mutant DNA sequences is corroborated by EMSA experiments. The significantly lower affinity of linear mutant constructs required the use of nonhomologous competition assays (Fig. S4) (2) . We found that 57M1L binds IHF several-fold worse than the wildtype λ H' site (57L35) with an affinity of 46 ± 6 nM. Upon circularization, the K D of the 57M1L35 mutant dropped to 0.6 ± 0.4 nM, indicating a ~80-fold increase in affinity (Table 2) . Remarkably, both solution FRET and EMSA binding assays show IHF bound the circularized "low-affinity" mutant site (57M1C35) about 10-fold tighter than a linear "high-affinity" consensus site (57L35 or 43L41).
The affinity of the 57M2L mutant was too low to measure accurately by competition EMSA or solution FRET. Instead, we use the previously measured value of 690 nM (which used radioactivity -a method incompatible with the force sensors) (41) . This dissociation constant is likely a lower bound in our assay conditions, since the M2 binding affinity in our high salt buffer should be weaker than in the previous study's lower salt buffer. As with the M1 mutant, IHF bound the circularized 57M2C35 substrate tighter than the linear wildtype "high-affinity" binding site (43L41 or 57L35), which is remarkable since the affinity of IHF for the unstressed linear 57M2L35 site was two orders of magnitude lower than for the wild-type site (Fig. 5B inset, Table 2 ). The affinity increases observed upon circularizing the mutant constructs were the largest seen in this study. This raises the possibility that some DNA sequences conventionally believed to be deficient for IHF binding (as judged e.g. by gel retardation on short linear DNAs), may actually bind IHF more tightly in vivo than the supposedly high-affinity sites.
Conclusions
These studies highlight the interplay between DNA substrate internal force, specificity of DNA sequence and protein-DNA binding affinity. The impact of internal force is most strikingly demonstrated by the rescue of binding affinity in circularized constructs mutated away from the wildtype sequence. In this light, it may be essential to account for DNA architecture when determining relevant protein binding sites in vivo. Unstressed DNA fragments or plasmids which have been traditionally used to map binding sites tend to be linear on the length scale of the binding site. For architectural proteins like IHF, mutational studies that use locally linear DNA substrates to highlight the importance of specific bases for protein site determination may be less relevant in vivo where DNA is likely to be bent (3, 4) .
Since small internal forces are sufficient to increase binding affinity, and larger perturbations have minimal further effect (Fig. 4B ), it appears that architectural strain or bending induced by small amounts of internal force is sensed by IHF. This characteristic may partially explain IHF's non-specific binding in vivo. Even if a DNA sequence does not conform to IHF's site specific consensus sequence, small internal forces can substantially increase the affinity of IHF for that site. The free IHF concentration in vivo has been estimated to be ~15-35 nM (41), or a thousand-fold less than the total IHF concentration of 6-30 µM (50). Given that there are at most a few hundred specific IHF sites (17), a significant fraction of IHF is likely nonspecifically sequestered on genomic DNA (41) . Perhaps the large reservoir of non-specific binding sites with low in vitro affinities can be partially explained by affinity rescue due to DNA architecture.
Materials and Methods

Protein Purification
IHF (plasmid -a gift of Phoebe Rice) was expressed in E coli following standard protocols. Following lysis, IHF in the supernatant of a 50% ammonium sulfate cut was precipitated with an 80% ammonium sulfate cut. The pellet was resuspended and dialyzed against 100mM NaCl, 25mM HEPES pH 7.0 and 10% glycerol. The resulting solution was loaded on a SP Sepharose column.
Step washes were performed at 150mM and 250mM NaCl, and the IHF containing fraction was eluted at the 350mM NaCl step in 25mM HEPES pH 7.0, 0.1mM EDTA, and 5% glycerol. Purified IHF was concentrated using an Amicon Ultra-15 Centrifugal Filter, 5000 MWCO, and dialyzed against High Salt IHF Buffer: 220mM NaCl, 50mM Tris-HCl pH 7.4, 0.5mM EDTA, 5% glycerol. As judged by SDS gel, protein was 92 % pure. Protein concentration was quantitated using absorption at 276nm, with a 5800M -1 cm -1 extinction coefficient (28) . The active fraction of protein was determined by gel shift assays performed under stoichiometric conditions (51) . All concentrations of IHF are reported as active fraction concentrations.
DNA Constructs
Please see Supplementary Material for all DNA sequences. Linear constructs were formed by annealing oligos with 5' terminal Cy3 or Cy5 dyes (Fig. 1A) , or by annealing complements of various lengths to dually-labeled (Cy3 and Cy5) ssDNA oligos (Fig. 1B) . Consistent with the predicted thermodynamic stability of the duplexes, native PAGE revealed that complements with lengths above 30 bases were nearly 100% annealed (data not shown). Dually-labeled ssDNA oligos were circularized with CircLigase ssDNA Ligase (Epicentre, CL4115K) (Fig. 1C) , gel purified, and checked with exonuclease digests as previously described (1, 2). Annealing to complementary oligos was performed in 1X TBE buffer supplemented with 50 mM NaCl. Annealing mixtures were cooled from 80 
Solution FRET Measurements for Binding Affinity
Dually-labeled DNA was titrated with a concentrated solution of IHF. Two replicates, as well as a mock control titration with equivalent volumes of buffer were performed for each construct. All experiments were performed in IHF high salt buffer (see Protein Purification) at room temperature.
Five minutes were allowed for equilibration after addition of concentrated IHF (longer equilibration times did not result in changes in the FRET ratio). Mixing was performed by pipetting. The initial volume of buffer was 700 uL, with an initial DNA concentration of 0.5 nM for all titrations except for the 57M2C35 construct which had a 1.0 nM initial concentration. After the last titration point, the solution had been diluted by ~ 20 %. DNA dilution was taken into account in the analysis.
Emission spectra were taken on a FluoroLog-3 fluorimeter (Horiba Jobin Yvon), with 5 nm excitation slit, 15 nm emission slit, 0.5 s integration time, and 2 nm increments. To maximize the signal to noise ratio, we elected not to place polarizers in the beam path. Emission spectra were recorded from 562-700 nm (542 nm Cy3 excitation) and 660-700 (640 nm direct Cy5 excitation). Cuvettes were cleaned with 5M Nitric Acid for at least 1 hour between experiments, and rinsed well with clean water.
The FRET ratio is defined as the ratio of acceptor emission resulting from FRET (Cy3 excitation), to acceptor emission when directly excited (Cy5 excitation): FRET ratio = F(670,542)/F(670,640), where F(ν,ν') refers to fluorescence intensity measured at wavelength ν (in nm) when excited at wavelength ν'. Prior to calculating F(670,542), the Cy3 emission tail at 670 nm was subtracted from the emission spectrum by fitting to a standard Cy3-labeled DNA emission spectrum (1, 47 
Saturation Binding Electrophoretic Mobility Shift Assays
Electrophoretic Mobility Shift Assays (EMSA) were performed as an independent method to obtain binding affinities. In these experiments, the IHF concentration was held constant at 21 nM while the concentration of dually-labeled DNA was varied from 2.5 to 50 nM in a 20 µL reaction volume. Samples were incubated for 15 -30 minutes at room temperature in high salt IHF buffer (see Protein Purification). Increasing the incubation time did not affect the binding affinities. Samples were loaded onto 4-20% Tris-HCl Gradient gels (Bio-Rad, 161-1159), and electrophoresed in 1X TBE on ice at 13mA for 135 minutes that had been pre-run for 15 minutes. Cy5 fluorescence was observed on a Typhoon gel scanner (GE Healthcare, Model 8600) at a 500V PMT setting. ImageQuant (Molecular Dynamics) was used to quantitate the bound and free DNA. Four replicates were performed for all constructs except for 57M2C35 where three replicates were performed.
At the concentrations of DNA and IHF employed in our experiments, a significant fraction of the DNA was depleted by binding to IHF. We fit to a model that accounts for ligand depletion and nonspecific binding by using the methodology developed by Swillens (45) . Binding curves were fit in SigmaPlot.
Competition Electrophoretic Mobility Shift Assays for the Linear Mutant DNA
The binding affinity of IHF to the linear 57mer mutant (57M1L) construct was sufficiently low to warrant competition experiments for determination of dissociation constants. In these experiments, the amount of IHF and labeled probe is held constant, while the unlabeled competitor concentration is varied. The amount of IHF in the assays was fixed at 63 nM. For our labeled probe we used 57L35 at a fixed concentration of 5 nM. For our competitor, we used a fully double-stranded sequence containing the M1 mutant site, 57M1. Since high concentrations of competitor were used (up to 50µM), a fully double stranded competitor was necessary to ensure no nonspecific binding to single stranded regions of the competitor.
IHF, buffer and labeled probe were combined and incubated for five minutes. Increasing competitor concentrations (0 µM to 50 µM) were added to compete the IHF off the labeled probe. The 20 µL reactions were allowed to equilibrate for 90 minutes, in the dark at room temperature. Samples were loaded onto a 10% TBE gel, pre-run at 13 mA for 15 minutes on ice, and subsequently run at 13 mA for 45 minutes on ice. Free and bound labeled probe were quantitated as in the saturation binding gels. Four replicates were performed.
The fraction of labeled probe bound to the protein was determined from the results of the quantification. We plotted the relative yield of the labeled probe-protein complex, f, against competitor concentration [C] (41) with an offset to account for non-specific binding, α. We fit the results using SigmaPlot according to the equation:
This yielded an estimate for IC 50 (the concentration of competitor necessary to compete IHF off half of the labeled DNA), which was used to calculate the K D for the unlabeled competitor. Since the concentrations of IHF exceeded the K D s for both labeled and unlabeled species, we used the methodology of Linden (1982) 
where R T is the total IHF concentration, H F is the concentration of free, labeled probe and K D,57L35 is the dissociation constant of the labeled 57L35. Finally, K D,M , the dissociation constant of the unlabeled mutant was determined from the quantity Results for the M2 mutant were highly variable, likely due to the large amount of added competitor necessitated by the use of fluorescence as opposed to radioactivity. Hence in this paper, we use the previously-measured value of 690 nM (41) for the K D of 57M2L.
Bulk FRET Efficiencies for Internal Force Estimation
FRET efficiencies were extracted from bulk fluorescence measurements as previously described (1, 2) . Bulk fluorimetry was performed in either high salt IHF buffer (see protein purification) or low salt buffer (1X TBE, 50mM NaCl). There was no significant difference between FRET measurements for a given construct performed in low salt buffer or in the original calibration buffer (10mM Tris pH 8.0, 50mM NaCl) (data not shown). After correcting for incomplete annealing and incomplete donor labeling, FRET efficiencies were converted to a common Förster distance basis to account for differences in local environment and converted to forces using the previously measured calibration curve (1, 2). FRET efficiencies, with dissociation constants from EMSA (see Fig. 3 ), and FRET efficiencies from optical force sensors ( Fig. S2 (1)) . B) K D vs. Internal Force Estimate. Internal force is estimated by using a previously determined calibration curve (2) to map the converted FRET efficiencies to force. We do not account for the higher ionic strength used in the EMSA experiments as the expected force differences are below our experimental error (see text and Table S1 ). Linear constructs ( Table S1 , Monte Carlo simulations of the internal force in DNA constructs in low and high salt buffers. EMSA experiments were performed in a high salt buffer whereas single molecule calibration of the force sensor was performed in a low salt buffer. Monte Carlo simulations (described above and in (1)) were performed using estimated salt-dependent changes in the persistence length of single-stranded and double-stranded DNA (2) (3) (4) . This set of simulations has a precision of ± ~1 pN. 
